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CLOUD MODELING REQUIREMENTS OF PULSED LASER COMMUNICATIONS SYSTEMS

A. R. King
Naval Ocean Systems Center
San Diego, CA, 92152, USA

ABSTRACT

Pulsed laser communication systems have been proposed which work through
all types of clouds. Predicting the performance of such systems requires a
knowledge of the statistics of the spatial, angular and temporal spreading of
pulses by clouds. Current models are particularly weak in predicting pulse
transmission/reflection when the transmitter is near the horizon with respect to
the receiver. A database consisting of the probability of cloud pattern types
has been developed to be used with a database of cloud pattern properties.
Together these two databases are used to predict system performance statistics
for operational scenarios. In the future, real-time operational planning for
message delivery will require short term predictions of cloud fields and their
effects on performance. Models of reflection of pulses from clouds, as well as
transmission through them are needed to make accurate evaluations of the proba-
bility of interception and disclosure of receiver or transmitter position.

1. INTRODUCTION

Over the last few years several experiments which have demonstrated pulsed
laser communications through clouds and sea water to a submarine (Morgiewicz et
al. 1987; Maurer, 1986; Titan Systems and Naval Ocean Systems Center 1987; Brad-

ley et al. 1988).

One system proposed to use laser communications to a submerged receiver was
the Satellite Laser Communications, SLC, system. This was a satellite to subma-
rine downlink which was recently struck from the budget for a major flaw, it was
too expensive. Even though the SLC system was canceled, the work done has given
people an awareness of a new type of communications link with novel properties.
It is likely that future communications systems will be proposed using this type
of link.

Whatever these systems might be, it will be necessary to evaluate how the
range of possible cloud and water conditions affect their performance. Ideally
the evaluation would be accomplished by using the system at various locations
around the world and over an extended period of time. This would allow a wide
range of conditions can be tested. Economics dictates that this will not happen
until a system is in the fleet. It costs too much to maintain a transmitter
above the clouds, a receiver beneath the water and crews of people standing by
waiting for the weather to change. An experiment could easily run as long as a
month and only gather statistically significant information on only a few cloud
pattern types. Seasonal information would require repeats of such expeditions
throughout the year. Therefore a documented, defensible model is a necessary
tool for evaluating a laser communication system.

Given that laser communication system performance is sensitive to the
clouds present, predictions of system performance at oceanic locations around
the world depend upon meteorological databases to supply reasonable cloud fre-
quencies and cloud characteristics as system model inputs. Such a model can be
used to estimate how much availability would be lost by building a system which
tolerates something less than the worst possible cloud conditions. This infor-
mation is needed to make system cost/performance trade-off studies.
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Operational laser communications systems will need real-time predictions of
performance to aid communications planning. Two candidate ways of doing this
include: (1) using meteorologists' cloud predictions in conjunction with data-
bases describing performance through all types of clouds or (2) using back-
scattered solar radiance measurements to predict cloud losses.

2. CURRENT MODELS OF PULSE SNR

To predict signal-to-noise ratio our present model requires cloud optical
and physical thickness, cloud base height and cloud thickness-to-height ratio.
The model is relatively insensitive to cloud base height over the range of
reasonable values. Our approach has been to divide the cloud pattern types of
the world into six categories: open cell, closed cell, stratus, multi-layer,
tropical cyclone and towering cumulus. For each category we have collected
statistics on frequency of occurrence, optical thickness and physical thickness
as a function of location and season.

The cloud pattern frequency of occurrence data was generated by a meteorol-
ogist who visually estimated percentages of each of the cloud patterns in each
of 38 regions of the northern hemisphere oceans from visible and infrared
satellite images. Cloud pattern frequency was determined once a week for 1982
(SRI, 1988) and once a month for 1974 - 1976 (Allen et al. 1985).

Optical thickness statistics were generated for each cloud pattern type
from solar irradiance data (Table 1). An algorithm developed by Waldman, et al.
(1989) was used to estimate the equivalent optical thickness of a uniform thick-
ness, horizontally infinite cloud which would yield the measured irradiance.

The optical thickness computed is a function of sun zenith angle at the time of
the measurement. The type of cloud pattern responsible for the measured optical
thickness was determined from satellite images.

The preceding databases are used in the SLCEVAL (Rockway et al. 1988; James
1988) program which allows the user to specify receiver location, depth, date,
time~of-day, transmitter parameters and receiver parameters. The program makes
Monte Carlo runs which randomly draw cloud and water conditions appropriate for
the receiver and transmitter locations and time of year input. The output is a
distribution of message delivery times.

With the type of system modeled by SLCEVAL it is impractical to continu-
ously adjust beam intensity to local conditions while scanning. Therefore the
optical thickness used in making calculations was the 95% point on the
cumulative optical thickness curve for the chosen cloud pattern type. This was
done to guarantee connectivity to most of the area. Some laser communications
architectures would require different methods of choosing optical thickness.

For computing the pulse width of stratus clouds, SLCEVAL uses a curve fit
(Eq. 1) to the results of a Monte Carlo cloud simulation which assumes a homoge-
neous cloud having a flat top, a flat bottom and which is horizontally infinite
(James 1988).
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Table 1. Locations for which solar irradiance data has been converted to
optical thickness distributions.

MEASUREMENT REFERENCE MEASUREMENT REFERENCE
LOCATION LOCATION
Canada Monahan et al. 1987b Puerto Rico Monahan et al. 1989
Alert San Juan
Cape St. James Sweden Monahan et al. 1989
Halifax Ultuna
Inukjuak United Kingdom Monahan et al. 1988
Ocean Weather Ocean Weather Ship
Station P, A: 62N 33W
50N 145w I: 59N 19W
Port Hardy J: 52N 22W
Sable Island K: 45N 16W
Sachs Harbor United States
St John's Caribou, ME Monahan et al. 1989
Denmark Monahan et al. 1989 Fairbanks, AK Monahan et al. 1987a
Copenhagen Honolulu, HI Monahan et al. 1987b
Finland Monahan et al. 1989 Long Beach, CA
Sodankyla Miami, FL
Guam Monahan et al. 1987 Sterling, VA
Iceland Monahan et al. 1989 Seattle, WA
Reykjavik Tallahassee, FL
Norway Monahan et al. 1989
Aas
Berset
Tromso
Sola

In Egs. (1,2) At.,is the 3 db pulse width in microseconds, T is the cloud

optical thickness, H is the cloud-base height or cloud bottom-to-ground spacing
in meters, Z is the cloud physical thickness in meters, D is the mean free path
of a photon in the cloud. Equation (1) is optimized for cloud physical thick-
nesses between 100 and 10,000 meters, cloud base height between 100 and 8000
meters and cloud optical thicknesses between 5 and 100.

The results are similar to those of Bucher (1973) except that they fit the
Monte Carlo results better for optical thicknesses below 20. For cloud pattern
types other than stratus, the pulse lengths Eq. (1) computes are much longer
than were measured in cloud field tests (Morgiewicz et al. 1987). This is
believed to be due to finite cloud effects (Lee and Schroeder 1987; Waldman,
1989; Yen, this conference). Therefore, except for stratus, we use a relation
(Eq. 2) developed by Lee and Schroeder (1987) from Monte Carlo results for pulse
width beneath an isolated cylindrical cloud.

a, \ °
Atc=wo<(%)ag+a1) (2)

w,=1.415x10""2<

with

1-46* 1041:0.715
al! (T+359)2.18




o= 1.1871
2 £+0.872

a,=1.65(t **+0.887)

The variable (Z/D) in Eq. (2) is the cloud height over diameter ratio.
The physical dimensions used for the cloud pattern types were taken from the
descriptions in the literature of the thickest clouds typical of the cloud
pattern types (Serebreny, 1987). Drawing from a distribution of physical thick-
ness would be more appropriate for some types of communication systems. The
optical thicknesses used were those described above.

More recent Monte Carlo simulations of finite clouds (Waldman, 1989) indi-
cate that Lee and Schroeder (1987) (Eq. 2) slightly over estimates pulse width.
They evidently assumed a receiver capable of intercepting all photons hitting
the water.

There are problems with how the SLCEVAL program uses the above equations.
In most cloud patterns neither the assumption of isolated clouds used by Lee and
Schroeder (Eq. 2) nor the assumption of uniform thickness clouds (Egq. 1) is met.
Some cloud patterns are more complex than either of the above models and have
multiple layers as well as towering clouds. 1In addition the optical thicknesses
used by the model were derived from solar irradiance data with equations that
assume clouds are uniform and horizontally infinite.

3. IMPROVING MODELS OF PULSE SNR

The work of others suggests that complex cloud fields have significantly
different optical properties than a single layer cloud field. Features of
finite clouds which are different from single layer clouds include: light can
escape from or enter on a side, shading of one cloud by another, large delays
between scattering events for photons going from cloud to cloud.

Several authors have dealt with solar reflection and transmission of fields
of finite clouds. The relationships between reflection/transmission and solar
zenith angle are different for fields of finite clouds than they are for a
uniform semi-infinite cloud layer (Kobayashi, 1988; Coakley and Davies 1986;
Ebel and McKee 1983). Light which has undergone only a few scattering events
tends to be preferentially forward scattered. As a result, when the sun is
directly overhead, more sunlight is transmitted by the cloud field because light
escaping the sides of the clouds is more likely to go down than up. When the
sun is near the horizon, cloud sides intercept much of the sun's light. More
light is subsequently scattered out the top of the field and less is transmitted
through it than would be the case for the equivalent uniform cloud layer. Fac-
tors which affect the total amount of upwelled and downwelled light by a field
of non-uniform clouds includes cloud coverage, shape, size, spacing, composition
and size distribution of the scattering particles in the cloud, sun zenith
angle, and wavelength of the light being considered.

Though much work has been done on fields of finite clouds by people inter-
ested in climate and the earth's radiation budget, there are significant differ-
ences between their concerns and those of a laser communication system. When
dealing with climate, total upwelled and downwelled light is important. Since a
receiver can be anywhere with respect to the cloud field, spatial distribution
of signal-to-noise ratio is important. A climatologist can average over days,
but a communication system cares about now. Because a laser transmitter and the
sun are unlikely to be directly in line with each other, their signals do not
vary together. The laser signal is a pulsed rather than constant signal.
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Cloud non-uniformity affects pulse shape as well as transmission. Light
which goes through the thin spots in a cloud field is delayed less than that
which goes through the thicker spots. This increases energy in the early part
of the received laser pulse and decreases the pulse width. Signal~to-~ noise
ratio of a pulse signal is approximately proportional to the pulse width when
determined after an optimal matched filter. Thin spots in the clouds improve
the signal-to-noise ratio in two ways: (1) by increasing the transmission of the
cloud field, and (2) by decreasing the pulse width of the signal. As a result
of the above effects, the thin parts of a cloud field can be more important than
the thick parts, even if they are only a small percentage of the field.

Because pulse shape affects signal-to-noise ratio, in addition to total
energy transmitted, cloud fields with the same transmission can yield a range of
signal-to-noise ratios. Defining this range of signal-to-noise ratio for a
given overall optical thickness is one way to better understand and remove
errors which would otherwise be introduced by using optical thicknesses derived
from solar irradiance.

In an attempt to gain a better understanding of how to relate solar irra-
diance statistics taken beneath complex fields of mixed cloud types to laser
pulse signal-to-noise ratio, Monte Carlo studies of pulse transmission through
isolated cubic clouds have been performed (Waldman, 1989; Yen, this conference;
Wills, 1988). Next, we plan to model fields of cubic clouds beneath which there
will be an array of solar irradiance receivers and laser pulse receivers. By
using simulated cloud fields which approximate our set of six cloud pattern
types and which are constrained to produce solar irradiance distributions simi-
lar to those we've measured, we hope to make better and more defensible esti-
mates of pulse length and transmission statistics for the cloud pattern types.

Validation of the results from the above cubic cloud field model is going
to be difficult. Ideally one would hold a field test in which pulses were
transmitted through clouds to a receiver on the ground. Then a model equivalent
to the actual cloud field would be built by arranging cubic clouds. Pulse
signal-to-noise ratios would be compared between the model and the field test.
The difficult (impossible?) part of such a plan is determining a correct three
dimensional description for the cloud field during the period that the pulses
are being received. The cloud sampling problem is made more difficult by the
clouds changing significantly over periods of a few minutes. Typically the
transmitter is not in the same direction from the receiver as the sun, therefore
the equivalent optical thickness, is not the same for the sun and the laser. To
further complicate matters, the laser spot laid down on the top of the cloud
field from a field test platform will likely be a few kilometers across and
therefore, unlike the sun, will not be illuminating all of the clouds in the
field of view of the receiver.
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